Abstract OBJECTIVES: Our goal was to evaluate the early and late results of the surgical management of congenital supravalvular aortic stenosis (SVAS).
3.5-7.8; follow-up completed 79.1%), there were 10 late deaths (4.2%). A surgical reoperation or an interventional cardiology procedure occurred in 12.6% and 7.2%, respectively. No significant differences in outcomes between the techniques were found. Age at repair <12 months and pulmonary artery stenosis were associated with an increased risk of early (P = 0.0001) and overall mortality (P = 0.025), respectively. Having an operation after 2005 and co-existing pulmonary artery stenosis were significant predictors of late reintervention (P = 0.0110 and P = 0.001, respectively).
CONCLUSIONS: Surgical repair of congenital stenosis is an effective procedure with acceptable surgical risk and good late survival, but late morbidity is not negligible, especially in infants and when associated pulmonary artery stenosis is present.
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Congenital supravalvular aortic stenosis (SVAS) is a rare form of aortic obstruction that may involve the aortic arch and also the brachiocephalic vessels in the most severe cases [1, 2] . The association of SVAS with mental retardation, characteristic facial features and pulmonary artery (PA) stenosis is known as Williams-Beuren syndrome (WBS) [3, 4] , which is characterized by a microdeletion of the elastin gene on chromosome 7q11.23, which causes reduced elasticity, enhancing increased shear stress, collagen deposition and thickening of the aortic media [1, [5] [6] [7] . Several surgical approaches for SVAS repair have been described, but the optimal technique is still controversial. Most reports are of small clinical series covering a long interval [8] [9] [10] [11] [12] [13] .
The goal of this multicentre clinical study within the European Congenital Heart Surgeons Association was to analyse early results, associated procedures, late mortality rates and reinterventions across a large cohort of patients.
MATERIALS AND METHODS
This multicentre retrospective longitudinal study included patients who had surgical repair of SVAS. Exclusion criteria included operation before 1990, a previous surgical procedure involving the ascending aorta and age >18 years.
Review of medical records was approved by the local committee on clinical investigations from each hospital. Individual patients were not identified, and the need for patient consent was waived.
Preoperative data included the presence of associated WBS; distinction between focal (i.e. localized at the sinotubular junction) or diffuse (i.e. narrowing of the entire ascending aorta) stenosis; association of brachiocephalic vessels stenosis (as described in more severe cases [14] ); aortic valve (AoV) anatomy and stenosis (i.e. peak echocardiography gradient >40 mmHg); coronary anomalies (origin or proximal course) identified at imaging (echocardiography, catheterization, computed tomography scan or magnetic resonance) and association with PA stenosis (central or peripheral, as revealed by echocardiography or catheterization), right or left ventricular outflow tract (R/LVOT) obstruction (including subvalvular and valvular stenosis) and aortic coarctation.
Intraoperative data included the type of repair and associated procedures, cardiopulmonary bypass and cross-clamp times, hospital stay, postoperative complications and early (in-hospital) death.
Surgical techniques included the McGoon repair (the single patch) [15] ; the Doty technique (the pantaloon-shaped patch) [16] and the Brom technique (3 patches) (3) [17] . Miscellaneous techniques, such as the interdigitating technique and 2 separate patch repairs [18] , were grouped together as other techniques.
Follow-up information was collected between January 2014 and December 2016 and recorded. All adverse events were recorded, including death (after discharge), surgical or interventional cardiology procedures, clinical status (expressed as New York Heart Association class) and detection of AoV regurgitation (AR) or AoV stenosis (AS).
Statistical analysis
Results regarding categorical variables report the number and percentage of subjects in each category; for quantitative variables, mean and standard deviation, or median, interquartile range and minimum and maximum are used.
Univariable logistic regression analysis was used to find predictors of early death; predictors of overall mortality, surgical reintervention and interventional cardiology procedure were analysed with the univariable Cox regression model. Those variables that were statistically significant at the 10% level were introduced in a multivariable logistic regression model with backward selection. The results are presented as P-value, hazard ratio and 95% confidence interval. Surgical and interventional cardiology reinterventions were analysed with death as a competing event. Firth's penalized maximum likelihood estimation was used in case of separability.
Overall survival was estimated with the Kaplan-Meier method; surgical reinterventions and interventional cardiology procedures were estimated with the cumulative incidence function, considering death as a competing event, and were accompanied by 95% confidence intervals.
The cumulative incidence functions for surgical reintervention and interventional cardiology are also presented by surgical technique.
Finally, we compared patients' characteristic by enrolment time (1990-2005 and 2006-2015) using the v 2 test, the Fisher's exact test and the Wilcoxon rank-sum test.
Statistical analyses were performed with SAS 9.4 (SAS Institute, Inc., Cary, NC, USA) for Windows.
RESULTS

Patients
From January 1990 to December 2014, 301 patients from 18 European Congenital Heart Surgeons Association centres were included (Table 1) ; 73 patients (24.2%) were <12 months of age at the time of the operation.
Overall, 228 patients (75.7%) were asymptomatic or mildly symptomatic. Symptoms occurred in 73 patients: signs of congestive heart failure in 46 (15.3%), dyspnoea in 29 (9.6%) and syncope in 8 (2.65%). Two patients had an episode of ventricular fibrillation or cardiac arrest prior to the operation. WBS was present in 176 of 301 patients (58.5%).
Cardiac catheterization was indicated primarily in patients with WBS to rule out coronary artery anomalies and peripheral vessel stenosis. In non-WBS patients, it was performed if preoperative ischaemic symptoms or echocardiographic evidence of aortic or pulmonary vessels anomalies were present.
Native coronary artery anomalies were identified preoperatively in 41 (13.6%) patients, affecting mostly the left coronary artery branching vessels and included discrete ostial stenosis in 6 patients.
A prior cardiovascular procedure had been performed in 53 patients (17.6%), either surgical (24) or interventional (35). All preoperative data are listed in Table 1 .
Early outcomes
All intraoperative and postoperative data are summarized in Table 2 .
The most common indication for surgery was onset of symptoms ± associated coronary anomalies, followed by detection of aortic peak pressure gradient > _40 mmHg and, less commonly, associated AR.
The most common surgical procedures were the single-patch technique (McGoon) and the pantaloon-shaped patch repair (Doty) in 110 patients each (36.8%). Deep hypothermic circulatory arrest was used in 24 cases (7.9%).
Associated surgical procedures occurred in 72 patients (23.9%). In particular, coronary artery surgery was performed in 7 of 41 patients with a preoperative diagnosis of a coronary anomaly (left coronary in 4 of 7) and consisted of coronary ridge resection (3), ostial plasty (2) and coronary artery bypass (2) . There was 1 early death in this group (12.5%) in a patient who required postoperative extracorporeal membrane oxygenation.
Postoperative major complications occurred in 45 patients (14.9%); extracorporeal membrane oxygenation support was required in 14 (4.6%) patients, with a 50% survival. Early postoperative procedures were required in 14 (4.7%) patients: 11 underwent early reoperation (aortic arch plasty in 4, PA patch plasty in 2, right coronary ostial plasty in 1 and other minor procedures in 4), whereas 3 patients underwent right PA stenting (2) and PA dilatation (1) before discharge.
The early mortality rate was 5% (15 patients), caused mostly by postoperative cardiac dysfunction; 10 had a preoperative diagnosis of associated PA stenosis.
All 286 survivors were discharged home in good clinical condition, with residual supravalvular gradient <15 mmHg in 215 (71.4%) patients, and trivial or mild AR in 281 (93.3%) patients.
Late outcomes
Overall, the median follow-up time was 13 (interquartile range 3.6-7.8) years, with follow-up completeness of 79.1% (Table 3) .
Among the 238 early survivors, there were 10 late deaths (4.2%), 6 of which were sudden or of proven cardiac cause (Table 3) .
Overall, major adverse events occurred in 48 patients (20.2%): 30 patients (12.6%) required reoperation after a median time of 4.4 years (range 0.1-22.6 years). The most common procedure was aortic arch replacement or patch plasty in 11 patients, as an isolated procedure in 8 (1 due to aortitis) or associated with recurrent SVAS in 2 patients and PA reconstruction in 1. Of note, the initial operation in these patients was associated with a high frequency of associated PA stenosis (8 of 11) and with diffuse SVAS (5 of 11); LVOT obstruction was present in 3 of 11 patients. The median interval from the first operation to aortic arch plasty was 3.8 (range 0.1-9) years, with 1 reoperation occurring within 1 month of discharge. Eight patients (2.7%) required a patch reoperation at the site of the previous SVAS repair after a single-patch technique in 4, 3-patch technique in 2 and other, an interdigitating technique, in 2; 3 of the 8 patients required concomitant ascending aorta replacement. There were no deaths at reoperation.
In 7 patients (2.3%), AoV replacement was required after a median interval from the first operation of 5.7 (0.8-22.3) years: a mechanical valve in 2, a homograft in 1 and the Ross procedure in 4 (3 of whom required late re-reoperation with mechanical prosthesis in 2 and right ventricle-PA conduit replacement in 1). All but 1 patient presented with a significant degree of AS at the first operation (6 of 7 were tricuspid), LVOT obstruction was present in 5 of 7, SVAS was focal in all and 1 had initial AoV prosthesis at the first operation. At reoperation, they all had progression of stenosis, with mild AR in 4. One additional patient had bicuspid AoV repair (with associated subaortic stenosis resection).
An interventional cardiology procedure was required in 20 patients (6.7%) after a median time of 27.4 (range 1.17-271.2) months, most commonly after PA plasty procedures and when outflow tract obstruction was present; in 9 patients, central and/or peripheral PAs were balloon dilated.
All late survivors (228) were in New York Heart Association Class < _II. At echocardiography, AS was present in 44 (19.3%) patients, but the peak gradient was >30 mmHg in 20 patients; AR was less than mild in 208 (91.2%) patients.
Among the 238 patients with complete follow-up, 104 patients were operated on before 2006 and 134 underwent repair after 2006; there was a trend towards increased use of the 3-patch technique with decreased use of the single-patch techique. All follow-up data are summarized in detail in Table 3 .
Statistical analysis
Results of univariable analysis showed that age at repair <12 months, diffuse SVAS, associated PA stenosis and AS were significant risk factors for death (Table 4 ). Age at repair <12 months, brachiocephalic vessels stenosis, PA stenosis, PA patch plasty and LVOT obstruction were significant risk factors for late reintervention or reoperations (Table 4) .
Multivariable logistic regression analysis showed that age at repair <12 months and associated PA stenosis were risk factors for early death and late death (OR 3.456). In addition, PA stenosis, AS and LVOT obstruction were significantly associated with risk for reoperation or reintervention at follow-up (Table 5) .
Cox regression analyses showed that patients operated on after 2005 were at increased risk for reoperations compared with those operated on in the earlier era.
The overall survival rate was 90.5% at 25 years ( Fig. 1) , with the cumulative incidence of surgical reoperation or reintervention shown in Fig. 2A and B. The incidence of both reoperation and reintervention was low across the whole population and was similar in all groups, regardless of the surgical techniques used for repair (Fig. 3A and B) .
DISCUSSION
This multicentre retrospective clinical study evaluated the outcomes after surgery for congenital SVAS since 1990 and demonstrated that there is a good overall survival rate, with an acceptable operative risk and no significant difference in survival or reintervention with the different surgical techniques.
McGoon et al. [15] in 1961 first reported the single-patch repair for SVAS. Doty et al. [16] in 1977 modified the technique with a pantaloon-shaped patch that extended into 2 aortic valve sinuses. Some years later, Brom [17] described a technique with 3 separated triangular patches into the 3 aortic valve sinuses, the goal being to reconstruct a symmetrical ascending aorta. In 1993, [9] reported no reoperations or death at 5 years in 28 patients treated with 3 patches, whereas the group receiving the pantaloon-shaped patch presented with significant late mortality and reoperation rates (24% and 25%, respectively) over a longer (14.7 years) follow-up period. The European Congenital Heart Surgeons Association undertook this multicentre study, because definitive conclusions could not be drawn. In this series, the various surgical techniques neither are significantly different in terms of late reintervention rate (Fig. 3A and B) nor are they significant predictors of outcomes (Tables 4  and 5 ), as reported elsewhere [12] . On the contrary, outcomes were more related to patients' preoperative characteristics (age <12 months, diffuse SVAS) rather than to techniques. The detrimental effect of the high proximal aortic pressure on the coronary arteries and the possibility for accelerated atherosclerotic changes are well known, implying a benefit of surgery at an early age. However, in this and others' experience [11] , repair in infancy was shown to be a significant risk factor for survival (Table 5) , which justifies a strategy of delaying surgery until after infancy, if possible. In this series, surgical reoperations occurred at an acceptable rate (12.6%) compared to other studies [9] , with no operative deaths. Interestingly, only 8 patients (3% of the whole series) required a surgical procedure at the site of a previous SVAS repair, consisting of redo patch plasty in 7 and aortic root and ascending aorta replacement in 1, demonstrating the anatomical effectiveness of the procedures.
Previous studies have suggested that patients with SVAS and WBS have a worse prognosis [19] . In a recent series of 447 patients with WBS having operations, there was a 9% incidence of major late cardiac adverse events (mostly sudden death or arrhythmias), especially after major surgery on the LVOT and consisting mostly of coronary adverse events [13] . In this series, WBS was not associated with early death or worse late outcomes. In addition, some studies have shown WBS to be associated with a high incidence of preoperative PA stenosis or ventricular outflow obstruction [20] , but this was not the case in this study, which may partly explain why the patients with WBS in this series had favourable outcomes.
As reported elsewhere [20] , although PA stenosis is frequently diagnosed preoperatively in SVAS, an operation on the pulmonary arterial tree is not always required at repair, often because stenoses can affect the peripheral vessels. In this series, only 41 of 125 patients with PA stenosis required an associated PA procedure during SVAS repair, all being performed on the central pulmonary arteries. Furthermore, the overall incidence of procedures on the PA at follow-up was low. This finding could be related to some degree of development of the pulmonary arterial tree during somatic growth. Nevertheless, the associated presence of preoperative PA stenosis was a risk factor for late death and catheter intervention (odds ratio 3.456 and 9.536, respectively) in this study, reinforcing the importance of close follow-up in these patients.
It is known that patients with SVAS typically have abnormal thickening of the aortic wall at the sinotubular junction that may extend even to the coronary ostia level [14, 19] . Coronary stenosis and ischaemia may be associated with SVAS, with multiple aetiologies (isolation of the coronary ostia from fused cusps, arteriosclerosis resulting from intracoronary hypertension and discrete or diffuse ostial stenosis) [13, 21] . Stamm et al. [14] reported an incidence of 23% of marked dilation or tortuosity of coronary arteries and 45% of coronary arterial orifice stenosis. In addition, severe left ventricular hypertrophy further compounds coronary subendocardial malperfusion, causing myocardial ischaemia. The incidence of the preoperative diagnosis of some kinds of coronary anomalies ranges between 9% and 18% [10] [11] [12] . Deo et al. [11] reported a preoperative rate of 18% coronary ostial obstruction that was not treated at surgery. In this series, coronary anomalies were detected preoperatively in 41 patients (13.6%). Nevertheless, only 7 patients underwent simultaneous surgery on coronary arteries, with 1 operative death. In addition, 3 patients in this group (not treated for coronary issues previously) required a subsequent emergent coronary procedure (interventional stenting in 2 and surgical coronary ostial plasty in 1). Furthermore, 60% of late deaths were described as 'cardiac' or 'sudden', suggesting a probable coronary event. Thus, even though this study showed no direct association between coronary involvement and operative deaths, the follow-up findings would support the data in the literature that suggest that coronary anomalies may have an impact on the outcomes in patients with SVAS. The presence of coronary anomalies that may be amenable to effective surgical treatment needs to be ruled out preoperatively, because they may play a role in causing early and late deaths. However, the high diagnostic procedural risk needs to be carefully considered, and the goal of the surgeon should be to carefully assess the coronary anatomy in all cases.
In this series, the presence of LVOT obstruction was associated with an increased risk of reintervention at follow-up. These cases were associated with the diffuse form of SVAS and with aortic arch stenosis (hypoplasia or coarctation) that often required a late reintervention (either surgical or interventional). Nevertheless, there was no increased risk of death in these patients. These findings were consistent with the report by Hornik et al. [13] that outlined that patients with WBS and complex LVOT had a higher risk of major cardiac adverse events.
Finally, in this series of operations performed over more than 2 decades, multivariable analysis indicated no differences in outcomes before or after 2005. However, the incidence of late overall reoperations increased in patients operated on after 2005. This finding may be related to a change in the techniques used (Table  3) , but the significance of this finding remains limited because the overall number of reinterventions at the site of previous SVAS repair was minimal (8) , regardless of the surgical technique.
Limitations
The major limitations are the intrinsic retrospective nature of this multicentre study, with evident inter-centre/intracentre variability regarding indications for surgery, choice of surgical technique and the collection of follow-up data. In addition, the differences in the surgical techniques that have evolved over the decades make a reliable comparison difficult.
CONCLUSIONS
The surgical repair of congenital SVAS is an effective procedure with an acceptably low surgical risk and good long-term survival rates. However, the occurrence of late adverse events is not negligible. In this analysis, there was no significant difference in outcomes among techniques, but the study did suggest that repair in early infancy was a significant risk factor for early death and reoperation in the long term. Finally, the presence of native LVOT obstruction and PA stenosis is associated with increased risk of late reoperation.
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